Fifty-six tumorigenic Spanish grapevine strains of Agrobacterium spp. were tested for biovar classification, pathogenicity on several hosts, opine utilization, 16S rRNA gene sequencing and PCR amplifications using five primer sets targeting chromosomal and Ti plasmid genes. Fifty of them belonged to A. vitis (biovar 3), three to A. tumefaciens (biovar 1) and three to A. rhizogenes (biovar 2). All strains were tumorigenic on grapevines. Most A. vitis strains were also pathogenic on tomato and tobacco plants, while the three A. tumefaciens strains were only pathogenic on grapevine. Although most A. vitis strains used octopine, 12 utilized neither octopine nor nopaline. 16S rRNA gene sequencing clearly distinguished between strains belonging to the three species. Those of A. vitis could be further divided into three chromosomal backgrounds according to their 16S ribosomal RNA gene sequences. No universal primer pair was found for the detection of all three Agrobacterium species isolated from grapevine. DNA from all A. vitis strains was amplified with the chromosomally-encoded pehA primer pair. In both A. vitis and A. tumefaciens a correlation was observed between the amplifications obtained using the tmr and the virA Ti-plasmid-targeting primer pairs. Three types of Ti plasmid were found in A. vitis strains according to their PCR amplifications and opine utilization profiles. A given chromosomal background harboured only one type of Ti plasmid within the strains from each analysed sample, showing a strong association between chromosomal backgrounds and Ti plasmids in A. vitis .
Introduction
Crown and cane galls are among the most important and widespread bacterial diseases of grapevines ( Vitis vinifera ) (Burr & Otten, 1999) . Gall development relies on the transfer to the plant cell of a DNA (T-DNA) fragment from the tumour-inducing (Ti) plasmid of Agrobacterium. Once transferred to the plant cell, the T-DNA integrates into the plant nuclear genome and T-DNA genes are transcribed. Genes located on T-DNA fall into two groups: one including genes encoding phytohormone biosynthesis, which are responsible for tumour development, and the second encoding enzymes catalysing the biosynthesis of low-molecular-weight compounds, called opines (reviewed in Zhu et al ., 2000 and Zupan et al ., 2000) . These tumour-specific compounds play a key role in the ecology of the Agrobacterium -plant interactions (reviewed in Dessaux et al ., 1998) .
The genus Agrobacterium can be divided into at least three different clusters that correspond to biovars 1, 2 and 3, as defined by Keane et al . (1970) . Biovars 1 and 2 possibly define different species, referred to in this work as A. tumefaciens and A. rhizogenes , respectively. Biovar 3 is regarded as the A. vitis species, which includes strains isolated only from grapes (Ophel & Kerr, 1990) . Grapevine galls are predominantly caused by A. vitis worldwide and they may have mainly octopine/cucumopine-, nopaline-or, less frequently, vitopine-type Ti plasmids (Paulus et al ., 1989; Burr et al ., 1998; Burr & Otten, 1999; Ridé et al ., 2000) . Occasionally, strains of A. tumefaciens (biovar 1) with octopine/cucumopine or nopaline Ti plasmids may also occur in grapevine (Knauf et al ., 1983; Ridé et al ., 2000; Argun et al ., 2002; Szegedi et al ., 2005) . More rarely, A. rhizogenes (biovar 2) strains have been reported from grapevine tumours (Panagopoulos et al ., 1978; Süle, 1978) , but they were not well characterized.
The most serious outbreaks of crown and cane galls of grapevine are usually recorded in cool climate regions, but the disease has also been reported from the Mediterranean region (Burr et al ., 1998) . The incidence of the disease and its importance in vineyards is increasing in Mediterranean and nearby countries, such as Israel (Haas et al ., 1991) , Iran (Mohammadi & Fatehi-Paykani, 1999) , France (Ridé et al ., 2000) , Turkey (Argun et al ., 2002) and Spain (Lastra, 1998; López, 2004) . However, no systematic collection, differentiation and characterization of Agrobacterium spp. strains isolated from Spanish vineyards have yet been performed. The economic losses caused by this disease are not only related to intrinsic damage in infected plants, but also to the prohibition of commercial use of plants with tumours (Anonymous, 1993) . This requires rapid, sensitive and specific methods to diagnose Agrobacterium in plant material, possibly using PCR-based techniques (Cubero et al ., 1999; López et al ., 2003) . Thus, better characterization of Agrobacterium strains from grapevine would facilitate the selection of the most accurate protocols for routine detection and subsequent control of the sanitary status of plants (Burr et al ., 1998; Ridé et al ., 2000) . To this end, 56 pathogenic strains were collected from grapevine tumours in vineyards cultivated in different areas of Spain and characterized according to their Ti-plasmid-borne and chromosome-encoded traits.
Materials and methods

Collection of Agrobacterium strains
Samples from various grape cultivars were taken from six Spanish provinces between 1997 and 2006. Trunks and canes showing crown or aerial galls were analysed. Before performing isolations, the tumours were washed with soapy water and rinsed, flamed, and the epidermis removed with a sterile scalpel. Selected pieces were crushed in 4 mL sterile distilled water and, after 30 min, 50 μ L of tissue macerates were streaked on MG-L medium (Cangelosi et al ., 1992) and on the semiselective media for Agrobacterium biovar 1 (Schroth et al ., 1965) , biovar 2 (New & Kerr, 1971) and biovar 3 (Roy & Sasser, 1983) . After incubation for 3-5 days at 25 ° C, one to 10 colonies from each tumour were selected on the basis of their morphology and purified twice on MG-L medium. Colonies morphologically resembling Agrobacterium were preliminary submitted to some tests to differentiate Agrobacterium spp; (Gram reaction, glucose metabolism, urease production and aesculin-β -glucosidase activity) according to Moore et al . (1988) . One to 10 Agrobacterium strains from each sample, from different plants or tumours, were used for further characterization and stored at -80 ° C in 30% glycerol.
Pathogenicity assays
The plant species used for tumorigenic assays were tomato ( Solanum lycopersicum formerly Lycopersicon esculentum ), tobacco ( Nicotiana tabacum ) and grape ( Vitis vinifera ) cv. Tempranillo. Two 4-week-old tomato and tobacco seedlings were each stab-inoculated at two different points in the stems with a needle touched onto 48-h-old bacterial cultures grown on MG-L solid medium. Similarly, green shoots of grape plants were stem-inoculated at two internodes. Two or more replicate plants of each species were inoculated with each strain. A further host-range study was performed on datura ( Datura stramonium ), bean ( Phaseolus vulgaris ) and aubergine ( Solanum melongena ) with selected strains. Several well-known strains of different species were inoculated as positive and negative reference controls. Inoculated plants were maintained in a greenhouse at about 25 ° C. Appearance of tumours was visually assessed 6 weeks after inoculation in herbaceous hosts and after 3 months in grape plants.
Biovar determination
For biovar determination, the following tests were performed according to Moore et al . (1988) and Cubero & López (2001) : citrate utilization; growth and pigmentation in ferric ammonium citrate; alkali production from malonic, l -tartaric and mucic acids; acid production from sucrose, melezitose and erythritol; tolerance to 2% NaCl and 3-ketolactose production. Well-characterized Agrobacterium strains belonging to the three biovars were included as reference strains.
Opine utilization assays
The utilization of octopine and nopaline was analysed in microtitre plates as described by López et al . (1988) . Well-characterized Agrobacterium strains were used as nopaline and octopine reference control strains.
16S rRNA gene sequencing
Amplification of partial ( c . 500 bp) or almost complete ( c . 1250 bp) sequences of the 16S rRNA gene was performed as described by Martínez-Murcia et al . (1999) . DNA sequences were determined by direct sequencing of the PCR product on an ABI 3100 Avant sequencer (Applied Biosystems). The phylogenetic tree was inferred using a neighbour-joining method. Bootstrap analysis was based on 1000 resamplings.
PCR amplifications
Bacterial suspensions in sterile distilled water were prepared from 48-h-old cultures on MG-L solid medium and adjusted to c . 10 8 colony forming units (CFU) mL − 1 (OD 600 = 0·1). DNA was extracted using the Easy-DNA™ kit (Invitrogen) according to the manufacturer's instructions and used as template. Ti-plasmid-less strain NT1 and the non-pathogenic strain K84, as well as sterile water, were included in every DNA preparation set as negative controls. PCR amplifications were conducted with five primer pairs previously reported for amplification of either chromosomal or plasmid-borne target genes of Agrobacterium spp., following the reaction conditions originally described by the respective authors. Name, gene target, replicon specificity and sources for the different primers used are indicated in Table 1 . Amplified products were analysed by 2% agarose gel electrophoresis, and DNA fragments were visualized under UV light after staining with ethidium bromide. Amplifications were repeated at least twice. Several pathogenic and nonpathogenic strains harbouring different types of Ti plasmids were used as positive and negative reference controls.
Results
Biovar affiliation and pathogenicity of Agrobacterium spp. strains
The 56 selected strains were Gram-negative, utilized glucose only in aerobiosis, showed urease activity and degraded aesculin. They were further characterized by pathological, biochemical and molecular traits ( Table 2 ). The majority of the strains (50 out of 56) were initially classified by biochemical tests as biovar 3 ( A. vitis ). The strain isolated from sample 2680 was negative for citrate utilization while the other A. vitis strains were positive. As expected, most of the biovar 3 strains were isolated on semiselective biovar 3 Roy and Sasser's medium. Two strains from sample 2709 and the strain isolated from sample 316 were grown on Schroth's medium and further classified as biovar 1. However, they utilized tartrate in contrast to typical biovar 1 strains (Table 2) . Surprisingly, in sample 2709, tartrate-utilizing biovar 1 and -3 strains were found together and isolated from the same tumours (Table 2) . Also, three strains from sample 1698 isolated on New & Kerr's medium were further classified as biovar 2 (Table 2 ). All Agrobacterium spp. strains studied in this work induced tumours on grapevine plants (Table 2 ). All A. vitis strains induced tumours on tobacco plants, and all but three on tomato plants. Three selected A. vitis strains did not induce tumours on bean or aubergine, but they were tumorigenic on datura (data not shown). The three A. tumefaciens strains did not induce tumours either on tomato or tobacco plants (Table 2) . Further inoculation studies confirmed the limited host range of these A. tumefaciens strains from grape, because they were not able to produce tumours on datura, bean or aubergine. In contrast, the reference strain of A. tumefaciens induced tumours in those hosts (data not shown). The three A. rhizogenes strains were pathogenic on tomato and tobacco, in addition to grape.
Opine utilization
Most of the A. vitis strains (35 out of 50) utilized octopine, but not nopaline, 12 strains did not utilize either of them and the three from sample 2739 utilized both opines. The three A. tumefaciens strains isolated from grape utilized octopine, but not nopaline, and the three A. rhizogenes strains utilized nopaline, but not octopine (Table 2 ).
16S rRNA gene sequencing
A dendrogram (Fig. 1 ) was constructed to display the relationship of partial 16S rRNA gene sequences of selected Agrobacterium strains belonging to the three species found on grapevine tumours. 16S rRNA gene sequences clearly differentiated strains belonging to the three different species, reinforcing their initial biovar classification. The three A. tumefaciens strains presented the same partial 16S rRNA gene sequence with 100% similarity to that of A. tumefaciens LMG 196 and CFBP 2714 strains from the database (sequence named Bv.1). The three A. rhizogenes strains and the reference biovar 2 strain IVIA 436-3 presented the same partial 16S rRNA gene sequence with 100% similarity to that of the A. rhizogenes strain LMG950 from the database (sequence named Bv.2). However, among the 50 A. vitis strains, three different partial 16S rRNA gene sequences were found (sequences named Bv. 3 types A, B and C). Among them, 14 strains and the reference biovar 3 strain IVIA 339-26 had sequence type A, 20 strains had sequence type B and 16 had sequence type C ( Table 2 ). The three different types of Referred to in the text as virB/G primers. 
Partial amplification of the 16S rRNA gene (c. 500 bp) of A. vitis (biovar 3) strains, classified into types A, B and C as described in the text and shown in Fig. 1 . 
PCR amplifications
PehA primers yielded the expected 199-bp amplified fragment from the coding region of the pectin enzyme hydrolase gene with the DNA from the 50 A. vitis strains (Table 2) . No amplification band was obtained either with DNA from the three strains identified as A. tumefaciens or with the three A. rhizogenes strains. The expected amplified fragment was also obtained with DNA from the A. vitis reference strain, whereas no amplification was obtained with the DNA from reference strains of other biovars (Table 2) . However, a fragment of different size (c. 500 bp) was obtained from DNA of A. tumefaciens strain C58 and its derivative Ti-plasmid-cured strain (NT1) when using these primers (Table 2) . VirA primers gave the expected amplified product of 480 bp with 37 out of the 50 A. vitis strains (74%) ( Table 2) . DNA from two A. tumefaciens strains from sample 2709 amplified when using these primers, but DNA from strain USC 316 did not. No amplification band was obtained with DNA from the three A. rhizogenes strains. The A. vitis reference strain yielded the expected amplified product, whereas no amplification product was obtained with DNA from any of the A. tumefaciens or A. rhizogenes reference strains.
Tmr primers gave the expected amplified product of 170 bp with DNA of 37 out of the 50 A. vitis strains (74%) ( Table 2) . DNA from two A. tumefaciens strains (the same ones that amplified with the virA primers) and the three A. rhizogenes strains also yielded the expected amplified product (Table 2 ). 
Discussion
Tumorigenic Agrobacterium strains belonging to biovars 1, 2 and 3 were isolated from Spanish grape plants showing crown and/or cane galls. As expected, the majority of Spanish strains were biovar 3, indicating that the disease on grapevines is mainly caused by A. vitis strains, in agreement with results obtained in other countries (Burr & Otten, 1999) . All A. vitis strains were tumorigenic on grape and also on tobacco plants, suggesting that tobacco is a suitable host for pathogenicity tests of A. vitis strains from Spain. A few strains belonged to biovars 1 and 2. The A. tumefaciens strains found on grapevines were atypical of biovar 1, because they utilized l-(+)-tartrate as the sole carbon source, probably because of the transfer of the pTAR plasmid from A. vitis strains (Gallie et al., 1984; Szegedi et al., 1992; Otten et al., 1995) . Degradation of this compound by A. tumefaciens strains might be the result of their adaptation to grapevines, as postulated for A. vitis (Salomone et al., 1998) . In fact, the biovar 1 strains were found together with A. vitis in the same galled plant and all probably contained the same octopine Ti plasmid. The PCR profile obtained with the octopine Ti plasmid of these A. tumefaciens strains isolated from sample 2709 was similar to that found with octopine Ti plasmids from A. vitis strains, but not to that of the octopine A. tumefaciens reference strain. Szegedi et al. (2005) reported that A. tumefaciens grapevine strains contained four types of Ti plasmid and, as in the present study, tartrate utilization was exclusively associated with an octopine/cucumopine-A. vitis-type Ti plasmid, but not with other types of Ti plasmid. All the data suggest that the A. tumefaciens strains from grape here contained an octopine-type Ti plasmid typical for A. vitis strains, this plasmid conferring a limited host range when present in A. tumefaciens strains. These A. tumefaciens strains were non-pathogenic on tomato and tobacco, in contrast to A. vitis isolated from the same plants and A. tumefaciens reference strains. A further host-range study on other hosts confirmed their limited host range, which is unusual in biovar 1 strains. On the other hand, although A. rhizogenes strains were sometimes isolated from grapevine galls (Panagopoulos et al., 1978; Süle, 1978) , their existence still constitutes a rare event. [Note that the strain Ag28 (CFBP 1905) reported by Ridé et al. (2000) , which they indicated was a biovar 2 strain isolated from grape, was actually isolated from Prunus dulcis (M. Fischer-Le Saux, personal communication)].
Agrobacterium vitis strains can be classified into four main groups based on opine utilization and hybridization with probes from Ti plasmids (Paulus et al., 1989) . The first group includes those strains harbouring octopinecucumopine Ti plasmids containing a small region of T and A bases encoding for utilization of both corresponding opines. The second group is composed of strains harbouring octopine-cucumopine Ti plasmids with a large TA region encoding for catabolism of these opines and also for that of nopaline in most cases. The third group contains strains harbouring nopaline-type plasmids, and the fourth group includes a few strains harbouring vitopine plasmids (Paulus et al., 1989) . Based on this classification, Spanish A. vitis strains might contain three out of the four types of Ti plasmids, and most of the strains probably fell into the first group, because they utilized octopine, but not nopaline. These strains probably harbour highly related octopine-cucumopine Ti plasmids, because all of them (except one) showed the same PCR amplification profile. Ti plasmids from only three strains may have belonged to the second group, because they utilized both octopine and nopaline. Some A. vitis strains did not utilize either analysed opine, so they may have belonged to the fourth group (vitopine-type strains) or have been users of other opines. A previous opine utilization study with some Spanish A. vitis strains also found these three kinds of opine users (López et al., 1988) . Curiously, the Ti plasmid from A. vitis strain CITA 103/05-Av4 shared features in common with the first Paulus et al. (1989) group of Ti plasmids, because it was an exclusive octopine-utilizing strain, and also with the third group, according to its PCR profile (Table 2) . Consequently, it could represent a rare natural transconjugant. This characterization study of Ti plasmids from A. vitis agrees with previous results obtained in other countries (Ma et al., 1987; Paulus et al., 1989; Ridé et al., 2000) , although the present study did not find any A. vitis strain harbouring a plasmid able to catalyse only nopaline.
Partial 16S ribosomal RNA gene sequences clearly clustered strains belonging to the three species, confirming their biovar classification. Partial sequences for the few A. tumefaciens strains were identical to each other; the same was true among the A. rhizogenes strains. In contrast, partial sequences for A. vitis strains could be differentiated into three types, but still clearly clustered together (Sawada et al., 1993) . The 16S rRNA gene sequence analyses in the present study reinforced the results of previous studies where A. vitis strains were divided into chromosomal groups by restriction enzyme analysis of the PCR-amplified 16S-23S rRNA intergenic region (Otten et al., 1996b) . Complete 16S rRNA gene sequences of the three A. tumefaciens isolated from two different vineyard areas were identical. In contrast, complete 16S rRNA gene sequences for representative strains of each of the three A. vitis types (A, B and C) differed from each other by one or two nucleotides at the same position. The complete 16S rRNA gene sequence of A. vitis strain S4 also differed from the K309 type strain sequence by one nucleotide (Otten et al., 1996a) .
The pehA primers yielded the corresponding amplified fragment with DNA from all A. vitis strains, but not with DNA from A. rhizogenes or A. tumefaciens strains, confirming that this primer set can be used as universal for A. vitis detection (Eastwell et al., 1995) . Curiously, A. tumefaciens C58 and NT1 (C58 strain cured of Ti plasmid) reference strains also yielded an amplification product of a different size from that of the corresponding pehA-amplified fragment. Strain C58 may contain an ortholog for the pectin enzyme hydrolase (pehA) gene, or the obtained amplicon was an unspecific product. DNA from most of the A. vitis Spanish strains amplified with virA primers (Eastwell et al., 1995) , as did the DNA of two A. tumefaciens stains. Surprisingly, a positive correlation was found between amplification with these primers and the results obtained with tmr primers, in both species. VirB/G and VCF/VCR primer sets only amplified DNA from A. rhizogenes strains, not DNA from A. tumefaciens or A. vitis strains. With respect to the VirB/G primers, Nesme et al. (1989) found them specific for the nopaline Ti plasmid, which agrees with the present results, where only the A. rhizogenes strains contained exclusively nopaline Ti plasmids. With respect to the VCF/VCR primers, Sawada et al. (1995) and Cubero et al. (1999) found that these sequences were common to most of the A. vitis strains. However, Szegedi & Bottka (2002) described the failure of VCF/VCR primers for detection of A. vitis strains, with only one out of 16 strains amplified, and in the present study none were amplified. In the study by Sawada et al. (1995) , most of the VCF/VCR positive A. vitis strains were isolated in Japan, but, in contrast when analysing strains from other countries, only one out of three amplified. Cubero et al. (1999) analysed only five A.vitis strains, four of them being isolated from the same sample. As none of the primer pairs assayed so far allowed the universal detection of all possible pathogenic Agrobacterium species found in grapevine tumours, a first step for screening could be the use of both pehA and tmr primer pairs for detection of Agrobacterium spp. strains in grapevine plant material. This is a useful result of the study and in fact, when 60 samples from tumours from naturally infected grapevines were analysed by PCR and bacterial isolations (using common and selective media), detection using both pehA and tmr primer pairs was more efficient than bacterial isolation (unpublished data). However, further investigations are needed for the design of an accurate and reliable protocol for detecting only pathogenic Agrobacterium spp. strains in grapevine samples.
Three different Ti plasmid types were found among A. vitis strains, based on PCR amplifications and opine utilization profiles, and three different types of 16S rRNA gene sequence were found. In all analysed samples, each chromosomal background contained only one type of Ti plasmid, showing a strong association between chromosomal backgrounds and Ti plasmids within each sample. This fact might indicate a clonal structure of the population with an apparent lack of transfer between strains within the same sample. This study clearly reinforces the hypothesis of a relationship between A. vitis strains and their Ti plasmids (Otten et al., 1996b) .
The increase of crown and cane galls in vineyards in Mediterranean countries could be related to exchanges of plant material and favourable conditions for disease development. This study provides the first characterization of a systematic collection of Agrobacterium spp. strains isolated from Spanish vineyards. Such characterization will greatly contribute to the knowledge of the causal agent of crown gall disease on grapevines in the Mediterranean area. Moreover, the combined use of two PCR primer pairs employed in this study allowed the identification of the three Agrobacterium species found on grapevines.
